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Abstract. In China, arsenic disulfide (As2S2) has been used for 
the treatment of hematological malignancies. The present study 
aimed to evaluate the effects of As2S2 on the human breast 
cancer MCF‑7 cell line cultured in both two‑dimensional (2D) 
monolayers and three‑dimensional (3D) spheroids to explore 
its therapeutic potential in breast cancer treatment. Cellular 
viability and the induction of apoptosis were examined with 
a cell counting kit‑8  (CCK‑8) assay and flow cytometric 
analysis, respectively. Alterations in the expression levels of 
apoptosis‑associated proteins, including Bcl‑2‑associated X 
protein (Bax), B‑cell lymphoma 2 (Bcl‑2), p53, and caspase‑7, 
as well as the cell survival‑associated proteins, phospha-
tidylinositol 3‑kinase (PI3K), Akt, and mammalian target 
of rapamycin (mTOR), were assessed by western blotting. 
Although a dose‑dependent reduction in cell viability, which 
occurred in association with the induction of apoptosis trig-
gered by the addition of 2‑24 µM As2S2, was observed in both 
2D‑ and 3D‑culture systems, 3D spheroids were less sensitive 
to the cytotoxic effect of As2S2 compared with the 2D cultured 

cells. A significant increase in the expression levels of Bax, 
p53, and caspase‑7 was observed in treated 2D‑cultured cells, 
whereas a similar increase in the expression levels of Bax was 
only confirmed in treated 3D spheroids, although there was a 
trend towards the increased expression of p53 and caspase‑7 in 
the 3D spheroids. These results suggested that these molecules 
are closely associated with As2S2‑mediated cytotoxicity in 
the two culture systems, and further suggested that the diffe-
rence in the sensitivity to As2S2 between 2D monolayers and 
3D spheroids may be attributed to the differential alterations in 
the expression levels of proteins associated with cell mortality. 
Significant downregulation of the expression levels of Bcl‑2, 
PI3K, Akt and mTOR was observed in the two culture systems. 
Taken together, the results of the present study demonstrated 
that As2S2 inhibits cell viability and induces apoptosis in both 
2D‑ and 3D‑ cultured MCF‑7 cells, which may be associated 
with activation of the pro‑apoptotic pathway and the inhibition 
of pro‑survival signaling. These results have provided novel 
insights into clinical applications of As2S2 in the treatment of 
patients with breast cancer.

Introduction

Breast cancer is one of the most common female malignan-
cies, as well as one of the leading causes of cancer‑associated 
morbidity and mortality in women (1,2). The standard and 
classical treatments for breast cancer, including surgical 
resection, radiotherapy and chemotherapy, are far from 
satisfactory due to limited efficacy and high rates of recur-
rence (3). Thus, the development of new therapeutic strategies 
is urgently needed for the treatment of breast cancer. Arsenic 
compounds, such as arsenic trioxide (ATO), which has been 
used in standard treatment strategies for acute promyelocytic 
leukemia (APL) (4,5), and sodium arsenite, have been reported 
to show cytotoxic effects against breast cancer cell lines (6‑9). 
However, such arsenic compounds are commonly regarded as 
toxic compounds with adverse effects, including visceral organ 
damage, serious acute toxicity, and potential carcinogenicity, 
which consequently limit their clinical applications (10‑12).
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Arsenic disulfide (As2S2), as the predominant active ingredient 
of realgar, also known as ‘Xiong‑Huang’ in traditional Chinese 
medicine, is considered to be a candidate for the treatment of 
several types of malignancies; it exhibits relatively low toxicity, 
and has the advantage of being orally administered (10,13‑15). A 
series of basic and clinical studies have reported the antitumor 
effects of As2S2 in different types of malignancies, particularly 
hematopoietic tumors such as APL (13,16‑19). Recently, there 
is increasing evidence to support that As2S2 has the ability to 
induce apoptosis and inhibit the growth of hematopoietic and 
solid tumor cell lines, such as human lymphoma cell lines (20), 
cervical cancer cell lines (21), human hepatocellular carcinoma 
cells (22), and human osteosarcoma cell lines (23). However, 
although the cytocidal effect of realgar nanoparticles has been 
demonstrated (24), the effects of As2S2 on breast cancer cells, 
and the underlying mechanisms, have yet to be fully investigated.

In recent decades, studies on the development of 
three‑dimensional (3D) cell culture systems to generate multi-
cellular tumor spheroids have attracted much attention. The 
findings of such studies suggest that the natural manner in which 
solid tumor cells grow in vivo is in 3D, indicating that growing 
cancer cells in 3D culture mimics more closely the in vivo 
environment compared with traditional two dimensional (2D) 
cell culture systems (25‑28). In this sense, 3D‑cultured breast 
cancer cells are able to provide more accurate evidence of the 
drug's activity in development of novel therapeutics (25). The 
actual tumor microenvironment in the human body consists 
of cancer cells, fibroblasts, endothelial cells and extracellular 
matrix (26). In comparison with 2D cell‑culture systems, the 
specific characteristics of 3D‑culture systems include tight 
cell‑cell interactions, cell‑microenvironment interactions, and 
special internal and external cellular structures (27,28).

The aim of the present study was to investigate the effects 
of As2S2 on MCF‑7 cells (a human breast cancer cell line), 
and to further disclose the possible molecular mechanisms 
underlying the action of the drug. In the present study, 2D‑ and 
3D‑cell culture systems were introduced in order to observe 
and compare the cell formation, cellular architecture, and drug 
responses between the two culture systems, and to evaluate the 
effects of As2S2 on MCF‑7 cells cultured in the two systems.

Materials and methods

Reagents. The cell counting kit‑8 (CCK8) was obtained from 
Dojindo Molecular Technologies, Inc. (Tokyo, Japan). The 
fluorescein isothiocyanaste (FITC) Annexin V Apoptosis 
Detection kit was from BD Biosciences (San Diego, CA, USA). 
The ECL™ Western Blotting Analysis system and ECL™ 
Prime Western Blotting Detection reagent were purchased 
from GE  Healthcare (Buckinghamshire, UK). As2S2 and 
mouse anti‑human Bcl‑2‑associated X protein (Bax) were 
purchased from Sigma‑Aldrich (Merck KGaA, Darmstadt, 
Germany). The Pro‑Survival Bcl‑2 Family Antibody Sampler 
kit, rabbit anti‑human phosphoinositol  3‑kinase  (PI3K), 
rabbit anti‑human Akt, and rabbit anti‑human mamma-
lian target of rapamycin (mTOR) were obtained from Cell 
Signaling Technology, Inc. (Danvers, MA, USA). Mouse 
anti‑human caspase‑7 was purchased from BD Pharmingen 
(BD Biosciences, San Jose, CA, USA). Mouse anti‑human p53 
was obtained from BioLegend, Inc. (San Diego, CA, USA).

Cell lines and cell culture. The human breast cancer cell 
line, MCF‑7, and the human normal breast cell line, 184B5, 
were purchased from the American Type Culture Collection 
(Manassas, VA, USA). MCF‑7 cells were cultured in 
Alpha‑MEM medium (Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) supplemented with penicillin, strepto-
mycin and 10% fetal bovine serum (Merck KGaA, Darmstadt, 
Germany). 184B5 cells were cultured in DMEM/F12 medium 
supplemented with 5%  FBS, 1x  Insulin, Transferrin and 
Selenium (ITS; Lonza Group Ltd., Anaheim, CA, USA), 
100 nM hydrocortisone (Merck KGaA), 2 mM sodium pyruvate 
(Lonza Group, Ltd., Chiba, Japan), 20 ng/ml epidermal growth 
factor, 0.3 nM trans‑retinoic acid (both from Merck KGaA), 
100 U/ml penicillin and 100 µg/ml streptomycin. Cells were 
maintained as attached cells at 37˚C in 5% carbon dioxide in a 
humidified atmosphere.

2D cell‑culture assay. MCF‑7 cells were seeded at a density 
of 10,000 cells/well in 500 µl cell culture media into 48‑well 
plates (Iwaki Co., Ltd., Tokyo, Japan), and then incubated for 
24 h. Vehicle for controls (cell culture media) and different 
concentrations of As2S2 were subsequently added into the 
corresponding wells to adjust the final drug concentrations 
of As2S2 to 0, 4, 8 and 16 µM. MCF‑7 cells were allowed to 
grow for 72 h in the presence of the drug. This was followed 
by a cytotoxicity assay and other downstream applications, 
including apoptosis detection and western blotting.

3D cell‑culture assay. 3D spheroids were formed using 
DSeA 3D micro‑plates (International Frontier Technology 
Laboratory, Inc., Tokyo, Japan) with thermo‑reversible gelatin 
polymer (TGP), as described previously (29). Briefly, TGP 
powder in each well was dissolved in Alpha‑MEM medium 
(Thermo Fisher Scientific, Inc.) and incubated at 4˚C overnight 
to develop the aqueous solution (the sol phase). MCF‑7 cells 
were subsequently seeded into cold Alpha‑MEM medium 
with TGP on ice at a density of 10,000 cells/well, followed 
by incubation at 37˚C to develop the gel form. Vehicle and the 
drug were applied in the identical manner as described above 
for the 2D cell culture. MCF‑7 cells were incubated in the gel 
at 37˚C for 72 h to develop spheroids (Fig. 1).

Microscopy. The cellular morphological structures of MCF‑7 
cells in both 2D‑ and 3D‑cultures were observed on the fourth 
day following seeding using an IX70® inverted microscope 
(Olympus Corporation, Tokyo, Japan). A series of bright‑field 
images were recorded and examined with 10x, 20x and 40x 
objectives (original magnifications: x100, x200 and x400, 
respectively).

Cytotoxicity assay. Cell cytotoxicity was analyzed using a 
CCK‑8 assay (Dojindo Molecular Technologies, Inc.). A total 
of 1x104 cells/well MCF‑7 cells were seeded into 48‑well plates 
(the cell density was 1x104 cells/500 µl), and As2S2 was added 
at final concentrations of 0, 4, 8 and 16 µM. The plate was 
subsequently incubated at 37˚C in a humidified atmosphere 
of 95% air and 5% CO2 for 72 h. Following incubation, 25 µl 
CCK‑8 reagent was added into each well, followed by an addi-
tional incubation for 3 h at 37˚C in a humidified atmosphere. 
The optical density (OD) value of each well was measured 
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using a Corona MT P‑32 micro‑plate reader (Corona Electric 
Co., Ltd., Ibaraki, Japan) at 570 nm. The cell viability rate was 
calculated according to the following equation: Cell viability 
rate = (OD sample value ‑ OD blank value)/(OD control value 
‑ OD blank value) x100%.

Assessment of apoptosis. Apoptotic rates of the MCF‑7 cells 
were analyzed using an Annexin V‑FITC Apoptosis Detection 
kit (BD Biosciences). MCF‑7 cells (2x105 cells/well) were seeded 
in 24‑well plates (cell density, 2x105 cells/ml; volume, 1 ml cell 
suspension/well), and treated with serial concentrations of As2S2 
(final concentrations: 0, 4, 8 and 16 µM); this was followed by 
incubation for an additional 72 h. Subsequently, the staining 
procedure was performed according to the manufacturer's 
protocol. A total of 1x104 cells was analyzed using a flow cytom-
eter (BD Biosciences). The cells were subsequently assessed for 
viable (Annexin V‑/PI‑), early apoptotic (Annexin V+/PI‑), late 
apoptotic (Annexin V+/PI+) and necrotic (Annexin V‑/PI+) cells.

Western blotting. A western blotting protocol was utilized in 
order to evaluate the protein expression levels of Bcl‑2, Bax, 
p53, caspase‑7, PI3K, Akt and mTOR in both monolayers 
and spheroids. Total protein was extracted from the MCF‑7 
cells treated with various final concentrations of As2S2 (0, 4, 
8 and 16 µM) in both 2D and 3D cell‑culture systems. Briefly, 
cell lysates were separated by SDS‑PAGE and transferred 
into a polyvinylidene difluoride (PVDF) transfer membrane 
(Immobilon‑P; Merck Millipore, Darmstadt, Germany). 
Membranes were blocked with 5% skimmed milk for 1 h. 
The membranes were washed with Tris‑buffered saline/0.1% 
Tween-20 (TBST), and then incubated overnight at 4˚C with 
1:500 anti‑mouse p53 specific antibody (cat. no.  628201; 
BioLegend, Inc.), 1:500 anti‑mouse Bax‑specific antibody (cat. 
no. B8429; Merck KGaA), 1:1,000 anti‑mouse caspase‑7‑spe-
cific antibody (cat. no.  551238; BD  Biosciences), 1:1,000 
anti‑rabbit Bcl‑2‑specific antibody (cat. no. 9941), 1:1,000 
anti‑rabbit PI3K p85 subunit‑specific antibody (cat. no. 4228), 
1:1,000 anti‑rabbit Akt‑specific antibody (cat. no. 4691), and 
1:1,000 anti‑rabbit mTOR‑specific antibody (cat. no. 2983) 
(all from Cell Signaling Technology, Inc.). Membranes were 
also probed with mouse anti‑human β‑actin (cat. no. ab49900; 
Abcam, Tokyo, Japan) at 1:1,000 dilution as the internal 
control. The membranes were incubated overnight with the 
primary antibodies listed above at 4˚C. The following day, the 
blots were incubated with 1:1,000 anti‑mouse (cat. no. 7076) 
or 1:1,000 anti‑rabbit (cat. no. 7074) (both from Cell Signaling 
Technology, Inc.) specific polyclonal secondary antibodies for 
1 h at room temperature. The membranes were washed three 
times with TBST. Signals were detected with an ECL Western 
Blot detection kit in a luminescent image analyzer (Fujifilm; 
LAS‑3000; Fujifilm, Tokyo, Japan). The images obtained were 
subsequently quantitatively analyzed using the ImageJ soft-
ware program (Rasband, W.S., ImageJ, U.S. National Institutes 
of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/).

Statistical analysis. Data are presented as the mean ± standard 
error of the mean. One‑way analysis of variance (ANOVA) 
followed by Tukey's post‑hoc test was performed for multiple 
comparisons, whereas Student's  t‑test was used for the 
comparison of two groups. P<0.05 was considered to indicate 

a statistically significant difference. Each experiment was 
repeated independently at least three times.

Results

Human normal breast cells 184B5 are less sensitive to As2S2 
in comparison to MCF‑7 cells. In order to determine the cyto-
toxic selectivity of As2S2, a normal human breast epithelial 
cell line (184B5) was used as a normal control (30,31), and 
the cytotoxic effect of As2S2 on both the breast cancer cell 
line (MCF‑7) and 184B5 cells was examined using a CCK‑8 
assay. As shown in Fig. 2, dose‑dependent inhibition was 
observed in the two cell lines following exposure to different 
concentrations of As2S2 (2‑16 µM) for 72 h. In comparison 
with 184B5 cells, however, the MCF‑7 cells exhibited signifi-
cantly higher sensitivity to As2S2, with increased inhibitory 
ratios in cell viability (Fig. 2A) and decreased IC50 values 
of As2S2 (Fig. 2B). These results suggested that As2S2 is less 
cytotoxic to normal breast epithelial cells than it is to breast 
cancer cells.

Microscopic imaging of 2D cultured and 3D cultured MCF‑7 
cells. Following treatment with various concentrations (0, 4, 
8 and 16 µM) of As2S2 for 72 h, the bright‑field images of 
MCF‑7 cells in both 2D and 3D cultures were recorded using 
an inverted microscope (Olympus Corporation) with original 
magnifications of x100, x200 and x400 (objectives: 10x, 20x 
and 40x, respectively). As shown in Fig. 3, MCF‑7 cells attached 
simply to the bottom of the wells in a monolayer manner in 
the 2D culture plates, whereas they formed multicellular 
spheroids (MCSs) in the 3D culture plates. The morphological 
changes of MCF‑7 cells cultured as 2D monolayers and 3D 
spheroids following exposure to 0, 4, 8 and 16 µM As2S2 were 
examined. Exposure to a relatively high concentration (i.e., 
8 or 16 µM) of As2S2 caused substantial morphological defects 
in both the 2D and 3D culture systems. Specifically, following 
treatment with As2S2 for 72 h, the MCF‑7 monolayers in the 
2D  plates clearly decreased in a dose‑dependent manner, 
whereas the structural integrity of the MCF‑7 spheroids in 
the 3D plates deteriorated and fragmented, with a destruc-
tive configuration (Fig. 3). In contrast, treatment with 4 µM 
As2S2 (a relatively low concentration) led to a modest decrease 
in 2D‑cultured MCF‑7 cells, whereas it failed to cause any 
morphological changes in the 3D spheroids.

Cytotoxic effects of As2S2 on 2D‑ and 3D‑cultured MCF‑7 
cells. CCK‑8 assays were performed to assess the viability of 
cells (in both the 2D‑ and 3D‑cell culture systems) exposed to 
0‑24 µM of As2S2 for 72 h. As shown in Fig. 4A, a significant 
decrease in cell viability was observed in 2D‑cultured MCF‑7 
cells following treatment with various concentrations of As2S2; 
this occurred in a dose‑dependent manner. Specifically, in 
comparison with the control group (0 µM As2S2), cell viability 
was markedly reduced to 77.32±3.92 and 15.24±1.04% after 
exposure to 2 and 24 µM As2S2, respectively. In contrast, rela-
tively higher concentrations (≥8 µM) of As2S2 were observed 
to have a significant dose‑dependent inhibitory effect on 
3D‑cultured MCF‑7 cells. There were significant differences 
between the 2D‑ and 3D‑cultured systems in cell viability 
following exposure to As2S2 with the final drug concentrations 
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of 4, 8, 12 and 16 µM. Although similar dose‑dependent growth 
inhibition was observed in 3D‑cultured MCF‑7 cells, the 
growth inhibition rates were much lower compared with those 
observed in the 2D culture system. In particular, the growth 
inhibition rates induced by a relatively high concentration 
(≥8 µM) of As2S2 in the 2D‑culure system were more than two 

times higher compared with those observed in the 3D culture 
system, indicating that the MCF‑7 spheroids in the 3D culture 
system were more resistant to the cytotoxicity of As2S2 in 
comparison to the monolayers in the 2D culture system.

The growth inhibition curves were obtained using the probit 
regression analysis method (Fig. 4B), and the half‑maximal 

Figure 2. Cytotoxic effects of As2S2 on the viability of a human breast cancer cell line, MCF‑7, and a human normal breast epithelial cell line, 184B5. 
(A) Dose‑response curves of the viability of MCF‑7 and 184B5 cells. (B) The IC50 values of As2S2 on MCF‑7 and 184B5 cells. Data are expressed as the 
mean ± standard error of the mean (n=3). **P<0.01; ***P<0.001; ****P<0.0001 vs. 184B5 cells. As2S2, arsenic disulfide.

Figure 1. Schematic diagrams of the three‑dimensional cell culture system. (A) In a 3D plate, TGP was dissolved in Alpha‑MEM (MEMα) medium and 
incubated at 4˚C overnight to develop the aqueous solution (the sol phase). (B) MCF‑7 cells were seeded into cold Alpha‑MEM medium with TGP (sol phase) on 
ice, followed by incubation at 37˚C for 1 h to develop the gel form. Additional warm Alpha‑MEM medium was subsequently added to cover the top of the gel. 
(C) The MCF‑7 cells were incubated in the gel overnight at 37˚C for 72 h to develop spheroids. 3D, three‑dimensional; TGP, thermo‑reversible gelatin polymer.
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inhibitory concentration (IC50 value) of As2S2 in the 2D and 
3D culture systems was further calculated from their respec-
tive inhibition curves. As shown in Fig. 4C, the mean IC50 
value of As2S2 in the 3D culture system was approximately 
three times higher compared with that in the 2D culture system 
(5.11±0.69 µM in the 2D culture system; 15.65±2.12 µM in the 
3D culture system; P=0.0091). These results suggested that the 
monolayer cells were more sensitive to As2S2 in comparison 
with the spheroid cells.

As2S2 treatment induced apoptosis of 2D‑ and 3D‑cultured 
MCF‑7 cells. To explore whether the induction of apoptosis was 
involved in the cytotoxicity of As2S2 in MCF‑7 cells cultured in 
the 2D and 3D cultured systems, an Annexin V‑FITC/PI dual 
staining assay was performed. The MCF‑7 cells of monolayers 
and spheroids were exposed to 0, 4, 8 and 16 µM As2S2 for 
72 h. The number of apoptotic MCF‑7 cells was measured by 
an Annexin V‑FITC/PI dual staining assay, followed by flow 
cytometry, which was based on the probe of the early (Q4) and 
late apoptosis (Q2) of MCF‑7 cells (Fig. 5A).

As shown in Fig. 5B, the early apoptosis of MCF‑7 cells was 
induced by As2S2 in a dose‑dependent manner in the 2D‑ and 
the 3D‑culture system. Without any drug exposure, MCF‑7 cell 
spheroids seemed to be more susceptible to early apoptosis than 
the 2D monolayers, and the median values of the Annexin V+/PI‑ 
(early apoptosis) cells in the 2D monolayers and the 3D spheroids 
were 6.65±1.60 and 19.68±1.81%, respectively. The number of 
early apoptotic cells in the drug‑free 3D culture was signifi-
cantly increased in comparison with the 2D culture (P=0.0017). 
Following treatment with 4, 8 and 16 µM of As2S2 for 72 h in the 
2D culture monolayers, the percentages of cells in early apop-
tosis were 13.38±3.25% (P=0.5439), 22.40±5.24% (P=0.0340), 
and 31.08±2.86% (P=0.0017), respectively, in comparison with 
control (0 µM As2S2). By contrast, following treatment with 4, 8 
and 16 µM of As2S2 for 72 h in 3D culture spheroids, the percent-
ages of cells in early apoptosis were 25.63±2.03% (P=0.1628), 
30.23±2.29% (P=0.0082), and 34.63±1.10% (P=0.0005), respec-
tively, in comparison with the control.

In the absence of As2S2, the 3D spheroids were more 
susceptible to early apoptosis in comparison with the 
2D  monolayers. The pro‑early apoptotic effects of As2S2 
between the 2D and 3D systems were therefore compared 
by evaluating the apoptotic index, i.e., the ratio of apoptotic 
cell percentages between the drug treatment groups and the 
control. As shown in Fig. 5C, the early apoptotic indices in the 
2D‑cultured MCF‑7 cells treated with 4, 8 and 16 µM of As2S2 
for 72 h increased 2.22±0.50‑fold (P=0.8209), 3.95±1.20‑fold 
(P=0.2107), and 5.67±1.51‑fold (P=0.0275), respectively, in 
comparison with the control (1.00). In 3D‑cultured spheroids, 
the early cell‑apoptotic indices following treatment with 4, 
8 and 16 µM of As2S2 increased 1.33±0.16‑fold (P=0.4645), 
1.57±0.16‑fold (P=0.0988), and 1.82±0.22‑fold (P=0.0140), 
respectively, in comparison with the control  (1.00). These 
data demonstrated that MCF‑7 cells cultured as spheroids 
were more resistant to As2S2 in terms of the early induction 
of apoptosis, in comparison with cells cultured as monolayers, 
with statistically significant differences in the presence of 
8 (P=0.0457) and 16 µM (P=0.0448) As2S2.

As shown in Fig. 5D, late apoptosis of the MCF‑7 cells was 
induced by As2S2 in a dose‑dependent manner, particularly in 
2D monolayers. In 2D culture monolayers, following treatment 
with 4, 8 and 16 µM of As2S2 for 72 h, the percentages of cells in 
late apoptosis (Annexin V+/PI+) were 0.53±0.23% (P=0.9568), 
1.17±0.58% (P=0.3166), and 3.60±0.06% (P=0.0005), respec-
tively, in comparison with the control. By contrast, the MCF‑7 
spheroids were more resistant to As2S2‑induced late apoptosis, 
without any significant increases in those cells in the presence 
of any concentration of As2S2.

As shown in Fig. 5E, the late apoptotic index of MCF‑7 
cells was induced by As2S2 in a dose‑dependent manner in 
both 2D‑ and 3D‑culture systems. In 2D culture monolayers, 
following treatment with 4, 8 and 16 µM As2S2 for 72 h the 
late cell‑apoptotic index increased 2.72±0.49‑fold (P=0.8894), 
4.48±0.49‑fold (P=0.5016), and 8.99±4.52‑fold (P=0.0458), 
respectively, in comparison with the control (1.00). In 
the 3D‑cultured spheroids, following As2S2 treatment at 

Figure 3. Different morphology of the MCF‑7 cells in 2D and 3D cultures and the responses of the monolayers and the spheroids following exposure to As2S2. 
MCF‑7 cells were seeded at a density of 10,000 cells/well in the 2D and 3D cultured systems. Subsequently, the cells were treated with a range of concen-
trations of As2S2 (0, 4, 8 and 16 µM) for 72 h. Bright‑field images of MCF‑7 monolayers and spheroids were acquired using an IX70® inverted microscope 
(Olympus Corporation, Tokyo, Japan), with x10, x20 and x40 objectives (original magnifications, x100, x200 and x400, respectively). As2S2, arsenic disulfide.
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concentrations of 4, 8 and 16 µM for 72 h, the late cell‑apop-
totic index increased 0.98±0.38‑fold (P>0.99), 1.65±0.35‑fold 
(P=0.5419), and 2.63±0.42‑fold (P=0.0352), respectively, in 
comparison with the control (1.00). Therefore, the data in the 
present study demonstrated that MCF‑7 cells cultured as spher-
oids were more resistant to As2S2 in terms of the late induction 
of apoptosis, in comparison with cells cultured as monolayers, 
with statistically significant differences in the presence of 
4 (P=0.0206) and 8 (P=0.0231) µM As2S2, respectively.

Effects of As2S2 on the expression of apoptosis‑associated 
proteins in 2D‑ and 3D‑ cultured MCF‑7 cells. To further 
investigate the mechanism underlying As2S2‑induced apoptosis 
in MCF‑7 monolayers and spheroids, the expression levels of 
apoptosis‑associated proteins were evaluated. To accomplish 
this, the levels of pro‑apoptotic proteins, such as Bax, p53 and 
caspase‑7, as well as of the anti‑apoptotic protein, Bcl‑2, were 
assessed by western blotting. As shown in Fig. 6A, C and D, 
the expression levels of the pro‑apoptotic proteins, Bax, p53 
and caspase‑7, were significantly upregulated by As2S2 in 
MCF‑7 monolayers. The protein levels of Bax were markedly 
increased following treatment with 4 (P=0.004), 8 (P=0.0032) 
and 16 (P=0.0258) µM As2S2, in comparison with the control 

(0 µM As2S2) (Fig. 6A). For p53, the protein levels increased 
in a dose‑dependent manner, following exposure to 4, 8 and 
16 µM As2S2 (in comparison with the control). A statistically 
significant increase was observed following treatment with 
16 µM As2S2 (P=0.0045) (Fig. 6C). The protein expression of 
caspase‑7 was significantly upregulated after incubation with 
8 (P=0.0003) and 16 (P=0.0009) µM As2S2, in comparison 
with the control (Fig. 6D). By contrast, a similar increase in 
the expression level of Bax was confirmed in treated 3D spher-
oids after treatment with 4, 8 and 16 µM As2S2 (P=0.0026, 
P=0.0265, P=0.0226 vs. control, respectively), and As2S2 
treatment tended to induce the increased expression of p53; 
however, the expression of caspase‑7 was not significantly 
increased in the 3D culture system (Fig. 6A, C and D).

As shown in Fig. 6B, following treatment with As2S2 for 72 h, 
the expression of the anti‑apoptotic protein, Bcl‑2, was down-
regulated in both MCF‑7 monolayers and spheroids. Following 
treatment with 16 µM As2S2, statistically significant decreases 
were observed in MCF‑7 monolayers (P=0.0221 vs. control) 
and spheroids (P=0.0051 vs. control) (Fig. 6B).

Effects of As2S2 on the expression of pro‑survival proteins in 
2D‑ and 3D‑ cultured MCF‑7 cells. Since the PI3K/Akt/mTOR 

Figure 4. Effects of As2S2 on the viability of MCF‑7 cells in 2D (open symbol)‑ and 3D (closed symbol) culture systems. The cells were cultured with serial 
concentrations of As2S2 (0, 2, 4, 8, 12, 16, 20 and 24 µM) for 72 h, and the cell viability was assessed by a WST cell proliferation assay. (A) The cell viability of 
MCF‑7 monolayers and spheroids following exposure to different concentrations of As2S2. (B) Dose‑response curves for the inhibitory effects of As2S2 on the 
cell viability of 2D‑cultured (○) and 3D‑cultured (●) MCF‑7 cells. (C) The mean IC50 values of As2S2 on the MCF‑7 cell viabilities in 2D and 3D culture systems. 
All the data are expressed as the mean ± standard error of the mean (n≥3). Asterisks indicate significant differences between the control and drug treatment 
groups (**P<0.01; ****P<0.0001). Hashes indicate significant differences between the 2D‑ and 3D‑cultured cells (##P<0.01; ###P<0.001). As2S2, arsenic disulfide.
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pathway serves an essential role in cell growth, proliferation, 
and survival (32,33), the protein expression of these pro‑survival 
mediators were detected in both 2D monolayers and 3D spher-
oids of MCF‑7 cells. Following 72 h of exposure to 4, 8 and 
16 µM As2S2, the protein levels of PI3K in 2D‑ and 3D‑cultured 
MCF‑7 cells were decreased in a dose‑dependent manner in 
comparison with their untreated counterparts (Fig. 7A). At a 
concentration of 16 µM, As2S2 had a significant inhibitory effect 
on 2D monolayers (P=0.01). As2S2 also induced a significant 

downregulation of PI3K in 3D spheroids at final concentrations 
of 8 (P=0.0066) and 16 (P=0.0001) µM, respectively. As shown 
in Fig. 7B, subsequently to treatment with As2S2 for 72 h, the 
Akt protein expression levels were downregulated in MCF‑7 
monolayers and spheroids. After treatment with 16 µM As2S2, 
statistically significant decreases were observed in MCF‑7 
monolayers (P=0.0031) and spheroids (P=0.0028) (Fig. 7B). 
Following exposure to 4, 8 and 16 µM As2S2, the protein levels 
of mTOR decreased in a dose‑dependent manner in both 

Figure 5. As2S2 induces apoptosis in 2D‑ and 3D‑cultured MCF‑7 cells. MCF‑7 monolayers and spheroids were treated with different concentrations of 
As2S2 (0, 4, 8 and 16 µM) for 72 h. (A) A dot‑plot analysis of 2D‑ and 3D‑cultured MCF‑7 cells treated with As2S2. MCF‑7 cells treated with As2S2 (0, 4, 8 
and 16 µM) were stained with Annexin V/PI and analyzed by flow cytometry. Cells could be classified into four groups based on different quadrants: Viable 
cells (Q3), early apoptotic cells (Q4), late apoptotic cells (Q2), and necrotic cells (Q1). (B and C) Early apoptosis of MCF‑7 cells was induced by As2S2 in a 
dose‑dependent manner in the 2D and the 3D culture systems. (D and E) Late apoptosis of MCF‑7 cells was induced by As2S2 in both the 2D and 3D culture 
systems. (B and D) show the data for the apoptotic cell percentages, while (C and E) show their indices calculated as relative values in comparison with the 
control (see the Results section). All data are expressed as the mean ± standard error of the mean (n≥3). Asterisks indicate significant differences between the 
control and drug treatment groups (*P<0.05; **P<0.01; ***P<0.001). Hashes indicate significant differences between the 2D and 3D culture systems (#P<0.05 and 
##P<0.01). As2S2, arsenic disulfide.
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Figure 6. Effects of As2S2 on the expression levels of apoptosis‑associated proteins in 2D‑ and 3D‑cultured MCF‑7 cells. The expression levels of apop-
tosis‑associated proteins were analyzed by western blotting. (A) As2S2 significantly increased the levels of the pro‑apoptotic protein, Bax, in MCF‑7 2D 
monolayers and 3D spheroids. (B) As2S2 significantly reduced the levels of the anti‑apoptotic protein, Bcl‑2, in MCF‑7 2D monolayers and 3D spheroids in a 
dose‑dependent manner. (C) As2S2 significantly increased the levels of the pro‑apoptotic protein, p53, in MCF‑7 2D monolayers in a dose‑dependent manner, 
whereas the agent slightly increased the expression of p53 in MCF‑7 3D spheroids. (D) As2S2 significantly increased the levels of the pro‑apoptotic protein, 
caspase‑7, in MCF‑7 2D monolayers in a dose‑dependent manner, whereas the agent exerted only a small effect on caspase‑7 in MCF‑7 3D spheroids. All 
data are expressed as the mean ± standard error of the mean (n≥3). Asterisks indicate significant differences between the control and drug treatment groups 
(*P<0.05; **P<0.01; ***P<0.001). As2S2, arsenic disulfide; Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein.
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2D and 3D MCF‑7 cells, in comparison with their untreated 
counterparts; after treatment with 16 µM As2S2, statistically 
significant differences were observed in both 2D monolayers 
(P<0.0001) and 3D spheroids (P=0.0004) (Fig. 7C).

Discussion

Several arsenic compounds have been investigated for their 
antitumor potency and efficacy against different breast cancer 

Figure 7. Effects of As2S2 on the expression levels of pro‑survival proteins in 2D‑ and 3D‑cultured MCF‑7 cells. The expression levels of pro‑survival proteins 
were analyzed by western blotting. (A) As2S2 significantly reduced the levels of the pro‑survival protein, PI3K, in MCF‑7 2D monolayers and 3D spheroids 
in a dose‑dependent manner. (B) As2S2 significantly reduced the levels of the pro‑survival protein, Akt, in MCF‑7 2D monolayers and 3D spheroids in a 
dose‑dependent manner. (C) As2S2 significantly reduced levels of the pro‑survival protein, mTOR, in MCF‑7 2D monolayers and 3D spheroids in a dose‑depen-
dent manner. All data are expressed as the mean ± standard error of the mean (n≥3). Asterisks indicate significant differences between the control and drug 
treatment groups (**P<0.01; ***P<0.001; ****P<0.0001). As2S2, arsenic disulfide; PI3K, phosphatidylinositol 3‑kinase; mTOR, mammalian target of rapamycin.
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cell lines  (7‑9). For instance, ATO, as a Food and Drug 
Administration (FDA)‑approved drug, was reported to have 
the potential to suppress cell growth, inhibit cell migration, 
induce apoptosis and cell cycle arrest, and downregulate cancer 
pro‑coagulant activity in breast cancer cell lines  (34‑37). 
However, ATO is regarded as a toxic agent that must be care-
fully monitored after its intravenous administration. ATO is 
known to cause severe adverse effects, including liver damage 
and QT prolongation  (10‑12). As2S2, which shows similar 
efficacy and fewer adverse effects (14,15), is much less toxic 
than arsenic trioxide and other common arsenic compounds, 
including sodium arsenite and arsenate (14,38), and has been 
considered as an alternative oral arsenic agent for cancer treat-
ment. In China, As2S2 has already been approved for clinical 
use in the treatment of leukemia (16‑18,39). A series of clinical 
studies and trials proved that treatment with As2S2 was well 
tolerated, with only moderate side‑effects in patients suffering 
from APL (13,39,40). Recent studies have also reported the 
potent anti‑tumor properties of As2S2 in various solid cancer 
cell lines, along with a marked reduction in cytotoxic effects in 
human normal cell lines (41‑43). However, there have been very 
few studies on the anti‑tumor effects of As2S2 in breast cancer 
cells (24), and fewer studies on the underlying mechanisms. 
Therefore, the present study was performed to investigate the 
anticancer effects of As2S2, and the underlying mechanisms in 
2D‑ and 3D‑cultured MCF‑7 cells. To the best of our knowl-
edge, this is the first report to show the mechanism underlying 
the cytotoxicity induced by As2S2 in MCF‑7 cells cultured in 
2D and 3D culture systems.

In the present study, an in vitro cell culture method was 
adapted to create 3D spheroids of MCF‑7 cells. The 3D 
cell‑culture system established in the present research was 
based on the adoption of TGP, in which the sol‑gel transiting 
phase is reversibly regulated by temperature (44). By way of 
comparison, the effects of As2S2 on MCF‑7 cells cultured 
as a 2D  monolayer were also investigated. The results 
demonstrated that As2S2 decreased the cellular viability of 
MCF‑7 cells by inducing cellular apoptosis in both 2D and 
3D cell cultures. These effects were also associated with 
the activation of pro‑apoptotic signals, such as executioner 
caspase‑7, p53 and Bax, and the inhibition of Bcl‑2 (associ-
ated with anti‑apoptotic signaling), as well as the pro‑survival 
PI3K/Akt/mTOR pathway. In addition, the microscopic obser-
vations revealed that 2D cells simply attach to the bottom of 
the wells in a traditional monolayer cell distribution, whereas 
the 3D cells form multicellular spheroids via cell‑cell interac-
tions. The data from the cell viability assays and apoptosis 
detection experiments revealed that 3D spheroids exhibited 
a certain degree of drug resistance, in comparison with the 
2D monolayer cell culture. This could be attributed to the 
specific morphological structure of 3D spheroids  (Fig. 3), 
which is similar to the features that studies have previously 
reported (45,46).

Unregulated cell survival and uncontrolled cell growth 
may result in excessive cellular proliferation and the loss of 
controlled cell death, which are two typical phenotypes of 
cancer cells (47,48), including breast cancer cells. The results 
obtained from the WST cell proliferation assays demonstrated 
that As2S2 strongly inhibited the cellular viability of MCF‑7 
cells in a dose‑dependent manner, in both 2D monolayers 

and in 3D spheroids. Consistently with these findings, the 
data revealed that As2S2 is able to induce apoptosis in 2D‑ 
and 3D‑cultured MCF‑7 cells in a concentration‑dependent 
manner. Since 3D cell‑culture models enable cells to form 
structures that mimic the in  vivo architecture in a more 
physiologically relevant condition compared with traditional 
2D monolayers  (49‑51), the present study provided a more 
reliable method for investigating the actual function of As2S2 
in MCF‑7 cells. In addition, the data of the present study 
demonstrated the increased drug resistance of MCF‑7 cells 
cultured in a 3D system in comparison with those cultured 
in a 2D system, either through the inhibition of cell viability 
or the induction of apoptosis by As2S2. Notably, it was 
revealed that, in the absence of any drug treatment, MCF‑7 
cell spheroids were more susceptible to apoptosis than the 
2D monolayers, which is consistent with observations made 
by other researchers (52‑54). This might be associated with the 
specific hypoxic and endocrinal changes in the 3D spheroid 
microenvironment. This phenomenon was different from 
anoikis (55,56), since the MCF‑7 spheroids developed in the 
present study demonstrated cell‑cell interactions and inter-
acted with each other, with the extracellular matrix, and with 
their microenvironment.

Emerging evidence has demonstrated that arsenic 
compounds such as arsenic trioxide exert anti‑tumor effects 
by inducing apoptosis in hematological cancer and in solid 
tumors  (6,57,58). The molecular mechanisms underlying 
arsenic‑mediated apoptosis include the activation of intrinsic 
and extrinsic apoptosis pathways, as well as the suppression 
of pro‑survival pathways in various cancer cell lines. In the 
current study, the results demonstrated that As2S2 induced 
the expression of pro‑apoptotic proteins and inhibited the 
levels of pro‑survival proteins, suggesting the possible 
pathways responsible for the cytotoxicity of As2S2 in MCF‑7 
cells. Caspases‑3 and ‑7 play critical roles as effectors in the 
execution phase, namely, the final phase of apoptosis (59,60). 
Although the expression of caspase‑3 was not detected in 
either 2D monolayers or 3D spheroids (data not shown), the 
results of the present study indicated that As2S2 significantly 
increased the protein expression of caspase‑7 in 2D‑cultured 
MCF‑7 cells in a dose‑dependent manner. In that respect, 
the MCF‑7 cell apoptosis that was induced by As2S2 in 
the present study might be mediated via the activation of 
caspase‑7 instead of caspase‑3, which is congruent with the 
findings of previous studies showing that the MCF‑7 cell line 
does not express caspase‑3, but that it may undergo apoptosis 
through the activation of caspases‑7 and ‑6 (61,62). The tumor 
suppressor p53 is capable of inducing cell apoptosis via activa-
tion of the mitochondrial and death receptor‑induced apoptotic 
pathways (63,64). The results of the present study revealed that 
As2S2 increased the protein level of p53 in a dose‑dependent 
manner in 2D‑ and 3D‑cultured MCF‑7 cells, which is consis-
tent with the results showing that As2S2 induced the expression 
of activated caspase‑7 expression in 2D culture. Furthermore, 
As2S2 activated Bax (a pro‑apoptotic protein), but inhibited 
Bcl‑2 (an anti‑apoptotic protein from the Bcl‑2 family), in 
MCF‑7 monolayers as well as in spheroids, indicating the 
significant role that As2S2 exerted in stimulating the intrinsic 
pathway of apoptosis. The PI3K/Akt/mTOR pathway, which 
is thought to promote cellular proliferation and survival and 
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which has been shown to be associated with inactivation of 
the apoptotic signals, is the most frequently activated signaling 
pathway in breast cancer (32,33,65,66). Blocking the expres-
sion of PI3K/Akt/mTOR simultaneously inhibits cell survival 
and promotes pro‑apoptotic activity. In the present study, the 
decrease in PI3K/Akt/mTOR expression that occurred in 
MCF‑7 monolayers and spheroids following treatment with 
As2S2 revealed the possible inhibitory role of the arsenic 
compound in the downregulation of cancer cell‑survival 
signals, which suggests the activation of pro‑apoptotic 
signaling.

In conclusion, the present study has provided evidence that 
As2S2 may be a potential therapeutic agent to be applied in the 
treatment of breast cancer. The in vitro results in the present 
study suggested that As2S2 inhibited the viability of MCF‑7 
cells and induced cell apoptosis in both 2D monolayers and 
3D spheroids in a concentration‑dependent manner. Activation 
of the mitochondrial apoptosis pathway may be involved in 
this mechanism, since the upregulation of the pro‑apoptotic 
mediators, Bax, p53, caspase‑7, as well as the downregulation 
of the anti‑apoptotic mediator, Bcl‑2, were observed following 
exposure to As2S2. In addition, the inhibition of the pro‑survival 
PI3K/Akt/mTOR pathway by As2S2 treatment contributed to 
the suppression of cell viability and the induction of apoptosis 
in 2D‑ and 3D‑cultured MCF‑7 cells. Furthermore, the present 
study has revealed that 3D spheroids of MCF‑7 cells had a higher 
rate of cell viability and reduced cell apoptosis in comparison 
with 2D  monolayer cells following treatment with As2S2, 
indicating the drug resistance of 3D spheroids. However, the 
present study focused on delineating the pro‑apoptotic effect 
of As2S2 in breast cancer cells, and therefore it was confined 
to one of the cell death mechanisms. Further studies will be 
performed to elucidate other potential mechanisms involved 
in the anti‑tumor function of As2S2, particularly with respect 
to the induction of cell cycle and autophagy. Furthermore, the 
mechanism of drug resistance in 3D spheroids also requires 
further investigation.
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